Nozzle clogging is still a standing problem in the continuous casting of steel since the deposition of alumina inclusions inside the Upper Tundish Nozzle (UTN) affects the productivity and the product quality. The present fundamental work studies the effects of inertial, gravitational, buoyant, pressure gradient, and Saffman forces on the deposited inclusion trajectories at the typical adhesion zone inside the UTN, using analytical and numerical techniques. For this, a mathematical model was developed considering the Navier-Stokes equations, the standard k-ε model, and the Lagrangian discrete phase model for a coupled system including the tundish, the UTN, the slide gate, the SEN, and the mould. The results show that the highest inclusion deposition rate is just below a low static pressure zone. At the low static pressure zone the pressure gradient force becomes important, attracting the inclusions to the nozzle wall, and once the inclusions leave this zone, this force does not promote a significant inclusion radial movement. In addition, at the highest deposition zone, the effects of the gravitational and buoyant forces do not promote a significant inclusion radial movement since these are aligned with the direction of the flow stream lines. In contrast, the Saffman force shows an important effect on the deposited inclusions, slowing down the inclusions in the vertical axis and increasing their radial movement.
Introduction
High quality steel requires minimizing the non-metallic inclusion count in the final product; for this reason, the origin, the removal, and the transport of the inclusions have been studied extensively. In the inclusion removal from the melt, the steel flow behaviour is highly related to the inclusions movements; in consequence, many efforts have been focused on the improvement of the inclusions removal rate by using flow control devices in the tundish. [1] [2] [3] [4] [5] [6] [7] However, not all the inclusions are removed leaving the tundish throughout the nozzle, and some of them are non-uniformly deposited along its wall. It has been reported that the inclusion deposition increases by a reduction of the nozzle diameter, a highest nozzle roughness wall, and a decrement of the fluid velocity. [8] [9] [10] [11] [12] Several of the deposited inclusions are located at typical zones of the nozzle promoting the deleterious clogging phenomenon. [13] [14] [15] [16] [17] [18] [19] [20] [21] Other authors have studied the fluidynamics inside the nozzle trying to figure out the inclusion deposition at the typical adhesion zones, finding that these are related to low pressure and high turbulence zones. [22] [23] [24] [25] [26] In contrast, many researchers have tried to establish the variables affecting the inclusion trajectory, focusing on the forces balance. Sasai et al. 27) found that the drag force is the dominant force, and when the inclusion size is 10 micrometers, the buoyant and gravitational forces are 4 order of magnitude lower than this force, and for inclusion sizes of 1 micrometer the difference between the order of magnitude is higher. Long et al. 28) established that the effects of the virtual mass and pressure gradient forces on the inclusions trajectories are very small in a vertical tube. Yuan et al. 29) studied the SEN clogging and Su-zhou et al. 30) studied the inclusion removal near the mold top surface, both considering the overall effect of drag, gravity, buoyant, and Saffman forces on the inclusion trajectory, without analysing the individual relevancy of each force on the inclusion deposition.
Despite of all previous works on the effects of the main forces on the inclusion trajectories, it has not been determined which is the impact of the inclusion velocity and these forces on the inclusion deposition at the nozzle wall. Considering this, the aim of the present study is to analyse the individual dynamic effect of inertial, gravitational, buoyant, pressure gradient, and Saffman forces on the deposited inclusion trajectories inside the upper tundish nozzle and to determine its magnitude as a function of the inclusion velocity. To achieve this, a three dimensional mathematical model was developed for a coupled tundish-mould system.
Mathematical Model Development
The model considers the Navier-Stokes equations, the standard k-ε model, and the Lagrangian discrete phase model. To solve the set of equations several assumptions were contemplated.
Main Assumptions
• The fluid flowing into the coupled tundish-mould system was considered to have incompressible Newtonian behaviour. • The system was modelled considering unsteady state and isothermal conditions, consequently the physical properties remain constant and are shown in Table 1 . • Turbulent and laminar flows coexist in the tundish; however, only laminar flow is present close to solid walls. Therefore, typical non-slip conditions were applied at all solid surfaces. Standard wall functions were used at nodes close to any wall. • Convergence criterion was obtained when the residuals of the output variables reached values equal or smaller than 10 − 4 . • It is well known that the alumina oxides does not have globular shape and can form clusters with irregular shapes; however, in order to simplify the model, the influence of geometrical form is not considered assuming spherical solid particles with alumina properties, and non-interaction among them. • Because it was difficult to include the results of too many inclusion sizes, only three sizes were considered representing the range of 1 to 60 micrometers: 5 μm represents the inclusion behavior between 1 to 10 μm which are the most difficult inclusion sizes to remove, 30 μm represents inclusion behavior between 10 to 50 μm, and finally 60 μm as the biggest inclusion size since bigger inclusions are not common to find in the studied zones. For each size 40 trials were carry out adding 50 inclusions at the ladle shroud until 2 000 inclusions were reached. • The inclusions were added along a line of 6 mm at the centre of the ladle shroud top surface. • It was considered only one deposition condition along the nozzle wall. If an inclusion touches the wall, it is deposited. • Since the clogging phenomenon is a problem affected for many variables, the slide gate was considered fully opened to avoid its effect in the clogging.
Fundamental Equations
The time-dependent transport equations for mass and momentum are expressed as follow:
Mass balance equation:
Where u i is the fluid velocity. Momentum equation for turbulent flow conditions: Where ρ is the flow density, μ eff = μ + μ t is the effective viscosity, μ is the molecular viscosity, µ ρ ε µ t C k = 2 is the turbulent viscosity, P is the static pressure, g i is the gravity acceleration in x i direction, and F i is a source term, and the subscripts i, j represent the components in x i direction.
The Standard k-ε Turbulence Model
In addition to the Navier-Stokes equations, the standard k-ε model of Launder and Spalding 31) was selected to model the turbulence since the flow phenomena to be studied are not small scale. The equations for turbulent energy k and dissipation rate ε are given by:
Where G k represents the generation of turbulence kinetic energy due to the mean velocity gradients and the recommended values of the constant proposed by Lauder and Spalding 31) were: C 1ε = 1.44, C 2ε = 1.92, σ ε = 1.3, σ k = 1.0, C μ = 0.09.
The Lagrangian Discrete Phase Model
The inclusions are considered as a secondary phase dispersed in the melt. Their motion are tracked using the Lagrangian method through the integration of the balance between the inertial force and the forces that act on the particle, see Eq. (5) .
The inclusion position is found from the particle velocity u pi , once the fluid velocity u i , is known. The first term in Eq. (5) is the drag force per unit mass, a force exerted on the particle by the liquid, which tends to make it follow the fluid flow, where the Reynolds number, Re p , is given by There are two gravitational-related forces: the buoyant force (F B ), which acts upward, and the gravitational force (F G ) that acts downwards. The effect of these forces per unit mass act on the difference between the particle and fluid densities, and it is calculated as follow Here, ρ p , d p are the density and the diameter of the particle, respectively. F P , is the force per unit mass related to the pressure gradient, and it is calculated as follow
The Saffman force (F S ) plays an important role since this force promotes radial and lifting effects, and it is considered in this study in order to observe its effects on the patterns of micrometric inclusion. This force depends on the inclusion velocity and size, and the steel velocity and density, calculated as follow 29) Where u is the mean fluid velocity, and u′ is the random velocity fluctuation.
Numerical Procedure and Computational Details
The governing equations were discretized using the finite volume technique and solved through the commercial ANSYS-FLUENT ® package, considering the computational segregated-iterative method. The non-linear URANS equations were linearized using the implicit approach. The discretization was performed using the First Order Upwind scheme. The Body Force Weighted scheme was used for pressure interpolation. Based on the simultaneous update of the dependent variables, the algorithm pressure-velocity coupling used here is the approach known as SIMPLEC. 33) Since the simulation was time-dependent, the system was simulated for a period of 300 seconds; during the last minute of simulation the flow profiles remain almost constant allowing the consideration that the steady state was reached, and at this moment the inclusions were injected. The system was considered in Cartesian coordinates, and the gravity force was considered to act over the negative "y" coordinate. The operating pressure was the atmospheric pressure equal to 101 325 Pa. Inlet and Outlet were defined as a velocity inlet condition and calculated using the employed volumetric flow. A constant time step equal to Δt = 0.01 seconds was considered for the simulation, allowing the Courant number to be in a range between 0 and 0.5 for the simulation.
The drawing and meshing of the 1:1 scale system were performed using GAMBIT ® . The geometries and dimensions of the tundish, the upper tundish nozzle (UTN), the slide gate, the submerged entry nozzle (SEN), and the mould, are shown in Figs. 1 and 2 . The mesh was 90% structured containing 2 145 000 cells for the whole system; focusing in the nozzle, the mesh spacing size was 8 mm generating 86 180 structured cells, as shown in Fig. 3 . Since the present work studies the main steel flow effects on the inclusion movement towards the nozzle wall, non-special mesh refining was done near the wall. 
Results and Discussion
In this section, the mathematical analysis for the inclusion behaviour throughout the upper tundish nozzle and the SEN are presented.
Analysis of the Inclusion Behaviour along the Entry Nozzle
During the first part of the study, the characteristic deposition zones along the nozzle were established; for this, the deposition of three representative inclusion sizes were analysed (5 μm, 30 μm and 60 μm).
The modelling results for these inclusions are shown in Fig. 4 , where the deposition zones along the upper tundish nozzle, the slide gate, and the SEN are schematically indicated in segments of 0.1 m. This figure shows that for the studied inclusions sizes there is a tendency to deposit in two characteristic zones, one located at the upper tundish nozzle and another at the internal upper edge of the SEN ports, points 1 and 2 respectively. At the first zone, just below point 1, it is where most of the inclusions get deposited despite of the size. At the second zone, not all the inclusions sizes follow the same tendency since the amount of 5 μm deposited inclusions decreases significantly ( Fig. 4(a) ) and as the inclusions sizes get bigger there is an increment in the amount of deposited inclusions (Figs. 4(b) and 4(c)). Even when both zones are important to understand the clogging phenomenon, the present study focus on the upper tundish nozzle zone where the problem is more severe − 0.4 < y < − 0.1 m. This zone is related to a phenomenon with the following characteristics: a decrement of the static pressure ( Fig. 5(a) ), an increment in the dynamic pressure ( Fig. 5(b) ), an increment of the turbulent kinetic energy ( Fig. 5(c) ), and an increase on the vorticity ( Fig. 5(d) ). The decrement of the static pressure occurs because of the flow fluctuant velocity increment which can be inferred from the growth of the dynamic pressure and the turbulent kinetic energy, inducing disequilibrium on the mechanical energy balance. This unbalance can be identified as mechanical energy dissipation related to an increase on the vorticity since the flow losses energy while is swirling. Considering the above discussion, it is feasible to infer that the inclusions flowing thought this zone suffer some disturbance inducing its deposition at the nozzle wall.
In order to analyse this effect, 14 runs with 50 inclusions of 30 micrometers were considered and fed at the ladle shroud in the coupled tundish-mould system; from these, around 30% of the inclusion that reaches the nozzle get deposited at its wall, and from these 81% passes near the minimum pressure value of the low static pressure zone.
To observe in detail the inclusion passing through the mentioned zone, Fig. 6 shows a section of their trajectories for a sample of 30 inclusions fed at the ladle shroud. This figure shows the inclusions trajectories respect to the nozzle radius, where (x 0 , z 0 ) is at the centre of the nozzle, and the maximum radius equal to 0.0375 m is at the wall. It is clear that the highest amount of inclusions passes thought the minimum values section of the low pressure zone, indicated with a rectangle in the figure. From these results, it was established that this characteristic zone affects the trajectories of the deposited inclusions. For this reason and in order to determine why these inclusions get deposited after this zone, a comparative analysis of the behaviour between inclusions that get deposited and those that go towards the mould is required.
It is important to point out that the further analysis will be focused on a representative sample of six inclusions randomly chosen considering 2 of each studied sizes. To present a better result comparison, in the following figures, the behaviour of the deposited inclusions is presented at the left side of the figures and to the right side those that reach the mould.
Analysis of the Inclusion Trajectory Throughout the Low Static Pressure Zone
The analysis started calculating the six inclusion trajectories in three-dimensional Cartesian coordinates ( Fig. 7) and bi-dimensional cylindrical coordinates (Fig. 8) . Figure 7 shows the trajectory of the inclusions as they go through the upper tundish nozzle and along the SEN, where the deposited inclusions show a change in behaviour as they passes through the low static pressure zone indicated by a rectangle mark in the figure. This figure also shows the site where the inclusions get deposited illustrated by the nozzle perimeter (shown in the figure as an oval due to the perspective view) and the exact coordinates can be found in Table 2 . On the other hand, the trajectories of the inclusions that reach the mould did not show any significant change in behaviour all along the nozzle.
To observe in detail the effect of the low static pressure zone on the inclusions behaviour, a section of inclusions trajectories passing this zone were analysed in two dimensions as a function of the nozzle radius ( Fig. 8) considering inclusions fed at the ladle shroud. The results show that despite their size, all the inclusions show changes, indicated by circles in the figure, in their trajectories as they pass through the low static pressure zone. Even this effect, some inclusions that pass closer to the minimum value section of the low static pressure zone, indicated by a rectangle in the figure, do not get deposited (Figs. 8(b) y 8(f)), and some that pass close to the centre of the nozzle may or may not get deposited (Figs. 8(e) and 8(d), respectively). Consequently, the effect of the pressure gradient on the inclusions trajectories, at the low static pressure zone, is not conclusive to establish whether an inclusion will get deposited or not. Therefore, there must exist other variables with higher effect on inclusion deposition. The selected variable to continue the analysis was the inclusion velocity. Figure 9 shows the inclusion velocity components along their trajectories until the inclusions get deposited for the six studied inclusions. The results show that regardless of the inclusion size, the highest magnitude of the velocity component is in the main flow direction showing the most abrupt variations in the region − 0.1 < y < 0 m, corresponding to the low static pressure zone. Consequently, this variable can be considered as the main factor for which the inclusions do not get deposited in this zone. In contrast, observing the variations of the velocity components in x and z, the deposited inclusions show more abrupt velocity variations than those that do not get deposited. These variations induce an inclusion radial movement on its trajectory; however, it is until the inclusion loses velocity in y direction (close to the adhesion point) that they increase its tendency to move towards
x and z directions and finally get deposited to the wall. The inclusions that pass closer to the centre of the nozzle showed smaller variations in the velocity components along their trajectory, Figs. 9(d) and 9(e). So far, the effect of the low static pressure zone on inclusions trajectories has been associated to the movement induced by pressure gradient and the variations of the inclusion velocity, but it is still unclear the reason why inclusions get deposited preferably just after the low static pressure zone. From the above discussion, it is necessary to analyse the forces acting on the inclusion along its trajectory selecting the following: pressure gradient, buoyant, gravity, and Saffman. Since the CFD software does not deliver these forces individually, it was necessary to calculate them analytically.
Pressure Gradient Force Effect
This force depends on the inclusion velocity and the velocity changes of the main flow, considering the steel density (ρ st ) and the alumina density (ρ in ). Thus, this force is relevant due to the density difference between the steel and the alumina inclusions (ρ st > ρ in ). The calculation of the three force components is carry out by the following equations Figure 10 shows the calculated three-dimensional force at ten points of the inclusion trajectory inside the low static pressure zone. Because of the force magnitude, this is plotted scaled to a factor 1x10 − 4 and its exact components values are shown in Table 3 . From Table 3 , it can be seen, for all inclusions, that their vertical acceleration magnitude start to decrease inducing a slowdown of the inclusions and for some inclusions the values became positive indicating a stronger deceleration.
On the other hand, for the deposited inclusions, the pressure gradient force has the effect to redirect the inclusions towards the minimum value of the low static pressure zone (y ≈ − 0.05 m) and therefore to the nozzle wall. For the inclusions that continue their movement towards the mould, some experience an attraction effect in the direction of the minimum value of the low static pressure zone (5 μm and 60 μm) and specifically the 30 μm inclusions does not show any significant attraction. For this, it can be established that some inclusions that do not get deposited can also be disturbed by the attraction effect towards this zone.
In order to find out if this attraction effect remains on the deposited inclusions, a similar analysis was carried out at the zones where the inclusions were stuck. For this, the pressure gradient force was calculated at ten points for each corresponding zones, see Fig. 11 , and the exact components values are shown in Table 4 .
From these results, it can be established that the vertical acceleration direction promoted by this force is against the main flow inducing the inclusion slowdown effect. It is important to notice that in contrast to the values obtained close to the minimum value of the low pressure zone, the force magnitude in x and z at the deposition zone is much smaller. Consequently, in this zone the pressure gradient force does not promote a radial movement; therefore, it does not contribute in a determinant manner to the adhesion phenomenon. Due to the above discussion, it is necessary to analyse others important forces on the inclusion motion, such as the buoyant and the gravitational forces; the first acting on the opposite direction and the other acting on the flow direction. 
Buoyant and Gravitational Force Effect
Considering that at the adhesion zone the stream lines are in the same direction as gravity, the gravitational and buoyant forces effects are only on the vertical axis. The resultant magnitude of the buoyant and gravitational forces is calculated using Eq. (9), where a constant value equal to 9.54 N is obtained and it is opposite to the gravity direction. Evidently, the consideration of these forces is not determinative to the inclusion deposition phenomenon since their effects are only on the flow direction without any significant inclusion radial movement. Therefore, there must be other forces acting radially at the deposition zone. Considering this, the Saffman force will be analysed in the following section.
Saffman Force Effect
When the velocity gradients are high (ν in > ν st ), the Saffman force becomes dominant since promotes radial and lifting effects on the inclusions close to the walls. Figure  12 shows the Saffman forces for six considered inclusions at the low static pressure zone. The results show that for the deposited inclusions the Saffman force exhibits a drastic change on the three directions, as the inclusions pass closer to the minimum value of the low static pressure zone, and it is identified as a strong increment or decrement of its magnitude. In contrast, for the inclusions that continue towards the mould, the changes on the Saffman force are less abrupt as they pass through the low static pressure zone. Since this force has a major magnitude in comparison with the others discussed above, the next step was to analyse its magnitude at the inclusion adhesion zone. Figure 13 shows the Saffman force in the three directions showing a significant increment in x and z, being positive in y direction for all the deposited inclusion at the adhesion zone. Consequently, it can be established that the Saffman force has a slowdown effect on the inclusion respect to y direction and induce an inclusion movement in the radial sense. Finally, in order to determine whether this radial effect induces an inclusion to get deposited, a comparison between the Saffman force profiles ( Fig. 13 ) and the trajectory of the deposited inclusion ( Fig. 14) was carried out. It is evident that for the component where the Saffman force presents the highest magnitude, it is the same component where the inclusion tends to move, independently of its size, and the inclusion gets deposited with this tendency. From the above discussion, it can be determined that the Saffman force has the highest effect on the inclusion trajectory, increasing its tendency to move radially and inducing its deposition.
Validation and Final Remarks
The validation of the model is still very complex task due to the difficulty of making measurements in plant to understand the dynamic behaviour of alumina inclusion in the molten steel, and to the difficulty to get dynamic and kinematic similarity between alumina/steel in the prototype and particles/water in the physical model. Furthermore, it has not been possible to find a material to simulate the particles that get attached on the acrylic walls as alumina inclusion does in the prototype walls. Even these limitations, the present deposition zones are in accordance with experimental works in plant previously reported, 35, 36) as shown in Fig. 15 . On the other hand, the validation of the fluid dynamics is possible by water modelling; however, a 1:1 scale coupled tundish-mould system is not easy to build due to the prototype dimensions. Nevertheless, the selected tundish has been already physical and mathematically modelled and validated in previous works. 37, 38) Since the present work shows the corresponding flow patterns in the tundish, it can be considered that the numerical model is validated.
The inclusion deposition phenomenon inside the nozzle is very complex since it changes with the internal upper tundish nozzle shape; while the clogging increases, the intensity of this phenomenon will increase and its position must change. On the other hand, the inclusions shape (individual or cluster) could generate variations on their trajectories as they pass through the low static pressure zone or changes the way that the different forces act on the inclusions. Consequently, further studies including other variables such the nozzle shape, the casting operation parameters, the inclusion shape, the opening of the slide gate or the use of stopper rod, and even the argon injection at this zone are needed to have a deeper understanding of the clogging phenomenon to achieve a higher reduction or its eradication.
Conclusions
To determine the reason why a high number of the deposited inclusions on the nozzle wall get deposited at the upper tundish nozzle, promoting the clogging phenomenon, a numerical and analytical study of the forces which affect the inclusions trajectories as they pass along the nozzle was carried out. From the results, the following conclusions can be drawn:
(1) The inclusions get deposited at the two typical adhesion zones in the nozzle wall, where the highest deposition rate is at the upper tundish nozzle just after a detected low static pressure zone. Additionally, it was found out that 81% of the deposited inclusions pass through the minimum value of the low static pressure zone.
(2) It is determined that the inclusions passing through the low static pressure zone are attracted towards the minimum value of this zone as a consequence of the pressure gradient force, slowing down the inclusion and reducing its distance to the nozzle wall. However, this pressure gradient force at the adhesion zone does not promote a significant inclusion radial movement and consequently, it is not conclusive to establish that an inclusion is going to get deposited.
(3) Gravitational and buoyant forces do not contribute to the inclusion deposition to the nozzle wall since its combined effect is only on the flow direction.
(4) The Saffman force is much higher than the rest of the analysed forces for all inclusions sizes. This force, for the deposited inclusions, shows abrupt changes in its magni-tude in the three directions when the inclusions pass through the low static pressure zone.
(5) At the deposition zone, the Saffman force shows two noticeable effects on the inclusions trajectories: it tends to slow down the inclusion in the vertical axis and increases significantly its radial movement. These variations are in accordance with the inclusion movement tendency in x and z directions. For this reason, the Saffman force is determinant for the inclusion adhesion on the nozzle wall.
